Protein kinase C has attracted much attention in studies on the activation of cellullar functions and proliferation. When cell-surface receptors are stimulated, this enzyme is activated by 1,2-diacyglycerol (Nishizuka, 1984a) , whereas Ca'+ is mobilized from its internal store by inositol 1,4,5-trisphosphate (Berridge & Irvine, 1984) . These two intracellular mediators are generated by hydrolysis of a single molecule, phosphatidylinositol 4.5-bisphosphate. Evidence available to date suggests that protein kinase C plays a crucial role in the relay of information in the form of a group of hormones, some neurotransmitters, and other biologically active substances across the membrane to regulate many intracellular &'+-dependent processes (Nishizuka, 1986) .
The early evidence for the link between diacylglycerol formation and protein kinase C activation came primarily from experiments with platelets (Nishizuka. 1983) . lnositol phospholipids in mammalian tissues frequently contain a 1 -stearoyl-2-arachidonyl backbone. Protein kinase C is in fact activated effectively by I-stearoyl-2-arachidonylglycerol. In reactions in vitro, other diacylglycerols containing at least one unsaturated fatty acid, such as arachidonic acid. are active, and chemically synthesized diacylglycerols having short-chain saturated fatty acids are also active. All diacylglycerols active in this role contain a 1.2-.sn-configuration. and neither 2.3-sn-nor 1.3-diacylglycerol support the enzyme activation. as described by Rando & Young (1984) . This stereospecificity of diacylglycerol can be shown with intact cell systems as well. When human platelets were stimulated by three stereoisomers of the permable diacylglycerol. dioctanoylglycerol, the 1.2-snbut not the 2.3-sn-enantiomer. was readily intercalated into the membrane. and activated protein kinase C directly. This enzyme activation in intact platelets was measured by the phosphorylation of ;i specific endogenous phosphate acceptor protein that has an approximate M , of 47000. In the presence of the Ca'+ ionophore. A23 187, the 1,2-.sn-enantiomer caused full activation of the release of 5-hydroxytryptamine. 1.3-Dioctanoylglycerol was inactive. Among these isomers only I ,2-.sn-dioctanoylglycerol was converted very rapidly in silu to the corresponding phosphatidic acid in both intact and broken platelet preparations. Thus, the diacyglycerol which functions in the stimulus response coupling possesses a I.2-sn-glycerol backbone, and other isomers are not involved in the signal transduction through the protein kinase C pathway.
During the early phase of cellular responses, the two signal pathways. Ca" mobilization and protein kinase C activation, open rapidly within seconds but normally close very quickly. since both inositol 1,4.5-trisphosphate and 1,2-diacylglycerol appear transiently. A major mechanism for terminating the signal flow via inositol 1,4,5-trisphosphate is thought to be removal of its 5-phosphate (Michell et ul., 1981; Berridge & Irvine. 1984 ; Fisher 1'1 id., 1984; Majerus r t d.. 1985) . Similarly, the diacylglycerol, once produced in membranes. disappears within a few seconds or, at most, several minutes of its formation. This rapid disappearance of diacylglycerol is due to its conversion back to inositol phospholipids through phosphatidic acid, and to its further degradation to arachidonic acid. Although protein kinase C reveals its activity only for a short time after the stimulation of receptors, the consequence of this enzyme activation may persist for longer periods, depending upon the biological stability of the phosphate that is covalently attached to the substrate protein molecule.
The role of protein kinase C in cell-surface signal transduction has been shown for the release reaction, secretion and exocytosis of cellular constituents from various endocrine and exocrine tissues as well as for the activation of many other cellular functions (Kikkawa & Nishizuka, 1986) . Such a potential role of protein kinase C in stimulusresponse coupling extends to some neural functions. particularly transmitter release in both peripheral and central nervous systems, and probably also modulation of ion conductance in membranes (Kikkawa P I ul., 1986). Monoclonal antibodies have confirmed the presence of a protein kinase C-positive immunoreactive material in many regions of the cytoplasm including dendrites and axons of neuronal cells (Kikkawa et d., 1986) . Such possible roles of protein kinase C in the modulation of membrane functions have been reviewed (Kikkawa & Nishizuka, 1986) .
In biological systems, positive signals are normally followed by immediate negative feedback control to prevent over-shoot, and to allow responses to subsequent signals. Although much emphasis has been placed on the positive role of protein kinase C, major functions of this enzyme appear to be intimately related to such feedback control. termed down-regulation, over various steps of its own and other signalling pathways, including the receptors that are coupled to inositol phospholipid hydrolysis and those of some growth factors. The dual action of protein kinase C is attributed entirely to the functional consequence of the phosphorylation of the target molecule.
The signalling systems used by cells frequently display extensive heterogeneity, and many variations exist from tissue to tissue. In bidirectional control systems in many tissues, the signals that cause inositol phospholipid hydrolysis promote the activation of cellular functions, whereas the signals that produce cyclic AMP antagonize such activation. In platelets and neutrophils. for example, agonists that elevate cyclic AMP all block the signal-induced disappearance of inositol phospholipids, diacylglycerol formation, protein kinase C activation, and release reaction. This inhibitory action of cyclic AMP extends to the mobiliz ;I t ' ion of Ca". presumably through the decreased formation of inositol 1,4,5-trisphosphate and through the activation of cyclic AMP-dependent protein kinase (protein kinase A). Protein kinase A has the potential to decrease cytosolic Ca'+ concentratio? by phosphorylating the regulatory components of the Ca-'-activated ATPase. thereby enhancing its catalytic activity. In other cell types that appear to be under an inverse form of bidirectional control. such as Leydig cells and ovarian granulosa cells. protein kinase C appears to inhibit and desensitize the adenylate cyclase system. On the other hand. in several other cell types including pinealocytes and pituitary cells, protein kinase C greatly potentiates cyclic AMP production. In addition. the cyclic AMP-dependent and inositol phospholipid-dependent signal transduction pathways appear to act in concert in some endocrine cells for the release of hormones. The biochemical evidence available thus far is still incomplete. but it is attractive to imagine that various combinations of the two receptor systems may operate positively and sometimes be intensified in many neuronal processes (Nishizuka. 1984h. 1986 ). Additional major interactions of the signalling systems exist between Ca'+ and cyclic AMP (Berridge. 1975; Rasmussen, 198 I) . Further exploration of various interactions and network of the signalling systems in individual cell types is of crucial importance for understanding the molecular basis of cell-to-cell communication particularly in nervous tissues. Memory is thought to have at least two components: a short-term form lasting minutes to hours, and a long-term form lasting days to years. Previous studies in vertebrates suggested that long-term memory requires the synthesis of new protein whereas short-term memory does not. However, attempts to extend these studies on behavioural performance to the analysis of the cellular and molecular mechanisms of long-term memory have proved difficult because neither the neural circuitry of the behaviour modified by the learning could be identified, nor could the consequences of protein synthesis inhibition on the nerve cells directly involved in the storage of long-term memory be studied. To overcome these limitations. we have reconstituted in cell culture the monosynaptic sensorimotor component of the gill-withdrawal reflex in Aplysia. This connection is an important locus for the storage of both short-and long-term memory for sensitization of the gill-withdrawal reflex. We report here that there is a critical time window of new protein and R N A synthesis that is required for the expression of long-term but not short-term facilitation of the sensorimotor connections. The gill-withdrawal reflex of Aplysiu undergoes shortand long-term sensitization. A single shock to the tail or head produces sensitization lasting minutes t o hours, whereas repeated shocks separated by short intervals and given over 1.5 h produce long-term sensitization lasting days. Both short-term and long-term sensitization of the reflex involve changes in the strength of connection that the sensory neurons make with their central target cells, the interneurons and motor neurons. Short-term sensitization involves the heterosynaptic facilitation of transmitter release from the terminals of the sensory neurons produced by the actions of serotonergic and other modulatory neurons activated by tail or head shock. Long-term sensitization also leads to an enhancement of the sensorimotor connections and a n increase in the number of synapses and varicosities formed by sensory neurons.
Abbreviations used: 5-HT, 5-hydroxytryptamine: EPSP. excitatory postsynaptic potential.
As a flat step in the analysis of long-term facilitation, we tested whether the same neurotransmitter, 5-hydroxytryptamine (5-HT), that produces short-term facilitation. can also evoke long-term facilitation. Sensory neurons co-cultured with the gill motor cell L7 form stable connections after 5 days. A single application of 5-HT induces facilitation that lasts minutes. When the connections were retested 2 4 h after a single 5-HT application. there was no significant increase in EPSP amplitude ( + 1 f lo%, n = 5). Cultures exposed to five applications of 5-HT over a 1.5h period showed a n increase in EPSP amplitude of 71 f 31 O/ O ( n = 9) when retested 24 h later. Untreated control cultures showed a slight decline in EPSP amplitude of
Since the behavioural reflection of long-term memory can be arrested by interfering with macromolecular synthesis during training, we next determined whether the long-term facilitation of synaptic strength produced in vitro by 5-HT can be affected by inhibitors of protein o r R N A synthesis present during 5-HT applications. The five applications of 5-HT were given while the cultures were exposed to one of two protein synthesis inhibitors, anisomycin ( 1 0~~) or emetine ( l 0 0 p~) , or to one of two R N A synthesis inhibitors, cin-D (50 pg/ml) or a-amanitin (2 pg/ml). The S-HTinduced long-term facilitation was blocked by the presence of these drugs. When retested 24 h later, the strength of the connections was not significantly enhanced (~ 16 & 14% for anisomycin, n = 7; -21 f 10% for emetine, n = 5; + 3 f 18% for actinomycin-D, n = 7; + 1 1 f 9% for a-amanitin, n = 7). By themselves, these inhibitors had n o significant effect on synaptic strength, resting potential, spike amplitude o r input resistance.
Although both the protein and R N A synthesis inhibitors blocked long-term facilitation, none of these agents affected short-term facilitation produced by a single 5-HT application. In the same experiments in which the drugs blocked long-term facilitation, short-term facilitation was evoked both in the presence of the drugs and when retested 24 h later.
An important feature of the retention of long-term memory in vertebrates is that protein synthesis is primarily required during and just after training. To determine whether this temporal requirement for macromolecular synthesis is required for long-term facilitation of the sensorimotor connections, we applied the inhibitors at times before or after 5-HT application.
The inhibition of protein synthesis by anisomycin is rapidly reversible. In the presence of the drug, synthesis is reduced by over 95%. However, by 4 h after drug washout.
12% ( n = 8).
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